Production of edible nanostructures constitutes a major challenge in food nanotechnology, and has attracted a great deal of interest from several research fields -including (but not limited to) food packaging. Furthermore, whey proteins are increasingly used as nutritional and functional ingredients owing to their important biological, physical and chemical functionalities. Besides their technological and functional characteristics, whey proteins are generally recognized as safe (GRAS). Denaturation and aggregation kinetics behavior of such proteins are of particular relevance toward manufacture of novel nanostructures possessing a number of potential uses. When these processes are properly engineered and controlled, whey proteins may form nanostructures useful as carriers of bioactive compounds (e.g. antimicrobials, antioxidants and nutraceuticals). This review discusses the latest advances in nano-scale phenomena involved in protein thermal aggregation aiming at formation of bio-based nano-coating networks. The extent of aggregation is dependent upon a balance between molecular interactions and environmental factors; therefore, the impact of these conditions is addressed in a critical manner. A particular emphasis is given to the effect of temperature as long as being one of the most critical variables. The application of moderate electric fields (MEF), an emergent approach, as such or combined with conventional heating is considered as it may inhibit/prevent excessive denaturation and aggregation of whey proteins -thus opening new perspectives for development of innovative protein nanostructures (i.e. nanocoatings). A better understanding of the mechanism(s) involved in whey protein denaturation and aggregation is crucial as it conveys information relevant to select methods for manipulating interactions between molecules, and thus control their functional properties in tailor-made applications in the food industry.
Introduction
Nanotechnology is a fast emerging field involving design and application of structures or materials where shape and size, at the nanometer scale, are critically controlled (Bouwmeester et al., 2009; Chau, Wu, & Yen, 2007) . The properties of materials at this level can be quite different from conventional-sized materials of the same compound. This behavior arises from the large surface area-to-volume ratio typically found in nano-materials, but also to the influence of physical and chemical interactions between materials at the nano-scale that play a significant role on the overall properties of those systems (Kaya-Celiker & Mallikarjunan, 2012) . These factors may enhance properties, such as strength and reactivity, thus providing different or new functionalities to existing products: enable dispersion of water-insoluble additives (e.g. carotenoids, phytosterols, fatty acids and natural antioxidants), increase stability, allow specific delivery and controlled release of bioactive compounds, and improve adhesion to and absorption rates through cells (Chaudhry, Watkins, & Castle, 2010; Chen, Remondetto, & Subirade, 2006) . Consequently, assessment of physical and chemical properties is relevant to anticipate possible associated hazards (Bouwmeester et al., 2009) .
Application of nanotechnology in the food industry has been receiving increasing attention from the scientific community, and has mainly focused on development of nano-sized ingredients, supplements and additives, as well as nanostructures as carriers of bioactive compounds (e.g. antimicrobials, antioxidants and nutraceuticals) or for incorporation in food packaging (to improve their barrier and mechanical properties) (Chaudhry et al., 2008; Kane & Stroock, 2007; Weiss, Takhistov, & McClements, 2006) . Nano-structured systems (e.g. nanoliposomes, nanoemulsions, nanohydrogels, nanotubes, nanofibrils and nano-coatings) are usually characterized according to main material used in manufacture (e.g. polysaccharides, proteins and lipids); production method (e.g. bottomup or top-down); predominant bonds involved (e.g. covalent or noncovalent); main system properties (e.g. mechanical and optical properties); and associated overall free energy (thermodynamically versus kinetically stable systems) (Acosta, 2009; Gutierrez et al., 2008; Lesmes & McClements, 2009) .
Two different building strategies have been used for production of nano-structured systems: 1) "top down" approach, in which nanolevel structures are generated by breaking up bulk materials via milling, nanolithography or precision engineering; and 2) "bottom up" approach, allowing nanostructures to be built from individual atoms or molecules that are capable of self-assembling (Hartgerink, Granja, Milligan, & Ghadiri, 1996; Moraru et al., 2003; Reches & Gazit, 2003) .
Many synthetic polymers (e.g. polyacrylamide, polyamides, polyphenylesters and polyurethanes) have been successfully used as delivery systems in the biomedical and pharmaceutical areas (Reis, Neufeld, Ribeiro, & Veiga, 2006) . However, these polymers cannot be utilized in food applications that require GRAS (generally recognized as safe) ingredients. Therefore, a major challenge in this area is replacement of non-food-grade materials by bio-based alternatives.
Food biomaterials, specifically polysaccharides (e.g. alginate, carrageenan, pectin, dextran and chitosan), proteins (e.g. zein and whey proteins) and lipids (e.g. medium chain triglycerides, tristearin and corn oil) are reasonable possibilities to address that challenge, since they are biodegradable, food-grade and non-toxic, while allowing also novel functionalities and applications (Acosta, 2009; Morris, 2010; Subirade & Chen, 2008) . However, the use of these polymers has problems associated with their performance and processing, besides cost that are common to most biodegradable food-grade polymers (Garcia, Forbe, & Gonzalez, 2010) . The application of nanotechnology to these polymers may open up new possibilities to improve not only some of their physical limitations, but also their cost-price-efficiency.
Whey protein-based ingredients are widely used in formulated foods because they are by-products from the cheese industry produced to large extents, relatively inexpensive, classified as GRAS materials and having a high nutritional value. Various articles highlight their biological (e.g. digestibility, amino acid profile, high biological value and sensory characteristics) and functional (e.g. emulsification, gelation, foaming and water binding capacity) properties, as well as their application as ingredients in food formulations (Bryant & McClements, 1998; Clark & Ross-Murphy, 1987; Dickinson, 2003; Madureira, Pereira, Gomes, Pintado, & Xavier Malcata, 2007; Walstra, 2003) . Among said functional properties, gelation is particularly interesting. Gels of diverse mechanical and microstructural properties can be formed by controlling assembly of protein molecular chains, thus offering the possibility to developing GRAS biocompatible carriers for oral administration of sensitive nutraceuticals in a wide variety of foods.
Nanostructured systems based on whey proteins (e.g. nanocoatings) are interesting because, in addition to their gelling ability, they can be easily prepared, and their size distribution can be effectively monitored. These proteins have also the ability to conjugate nutrients via either primary amino groups, or ionic and hydrophobic binding . Moreover, several changes can be induced in the whey protein matrix that allow formation of complexes with other biopolymers, chiefly polysaccharides, as starting point for several nanosystems.
Coatings are thin layers of edible material (e.g. whey proteins) directly applied on food aimed at improving surface properties (e.g. appearance, adhesion and wear resistance), while playing an important role upon the preservation of physicochemical and nutritional features of food products, and associated shelf life. A nano-coating is produced through a controlled process at the nano-level, and may significantly enhance the ability of a coating to improve surface properties or even allow new functionalities.
This review will give a crucial insight into the main factors (i.e. temperature, pH, ionic strength, protein concentration and presence of an external electric field) affecting denaturation and aggregation of whey proteins, and therefore into the molecular interactions involved in formation and stabilization of the nano-coatings formed thereof. Understanding of these mechanisms and their mutual relationships is fundamental to control and design structures with intended functionalities. The advantages of application of new approaches, such as moderate electrical fields to control the extent of those processes (denaturation and aggregation), and therefore the size of nanostructures are also addressed. Moreover, several applications of nano-coatings in the food industry are discussed.
Whey protein systems
The actual and potential use of milk proteins as food ingredients has been a popular topic of research over the past 40 years. Milk and dairy products have numerous advantages over competitors when used as ingredients: they are colorless, have a bland taste, are rather stable to processing and are essentially free of toxins. As ingredients, dairy products are used mainly because of their unique physicochemical properties (Chobert, 2012) . Milk is constituted by two major groups of proteins: caseins that are insoluble, remaining stable as a micellar phase in milk, and whey proteins that are soluble. The casein micelles consist of subunits of the different caseins (i.e. α-s1, α-s2 and ß) held together by calcium phosphate bridges on the inside, surrounded by a layer of 6 casein molecules which helps to stabilize the micelle in solution. Micelles are spherical and have 0.04 to 0.3 μm in diameter, which are much smaller than fat globules (ca. 1 μm in homogenized milk). The casein micelles are porous (allowing the water phase to move freely in and out of the micelle) and stable structures, yet dynamic (i.e. they do not settle out of solution). They can be heated to boiling or cooled, and dried and reconstituted without adverse effects (Holt, Carver, Ecroyd, & Thorn, 2013) . Caseins represent 80% (w/w) of all milk proteins and can easily be recovered from skim milk through isoelectric precipitation or rennet-driven coagulation. Both techniques release whey as by-product -see Fig. 1 (Madureira et al., 2007) . Like milk, whey may have different origins (e.g. from cow, goat and sheep) and for that reason this review will address the production of nano-coatings from whey proteins in general; however, some examples and results reported below in Tables 3 and 4 are specific for whey proteins obtained from cow milk processing, once it is the most relevant in terms of production volume and economical value.
Whey proteins
For many years, whey resulting from curd during manufacture of cheese was either regarded as a polluting effluent from the dairy industry, being commonly discarded in rivers or lands (without any treatment) -thus resulting in a serious environmental problem (due to its high production volumes and organic content), or used as animal feed (Bonnaillie & Tomasula, 2009; Prazeres, Carvalho, & Rivas, 2012; Tunick, 2009 ). This paradigm has been changed essentially due to the combination of three critical driving forces: i) legislation; ii) potential of whey proteins; and iii) evolution of technology. In short, legislative regulations together with the consumers' growing concern regarding environmental problems and incentives to recycle whenever possible forced the dairy industry to explore other approaches to manage whey as a waste. Nowadays, the potential of a vast range of whey proteins and that of their peptides is well known, e.g. regarding their health benefits. The developments on separation technologies relying on selective porous membranes allowed a superior isolation and fractionation of whey components, which are undoubtedly becoming one of the most widespread additives in food (Bonnaillie & Tomasula, 2009; Prazeres et al., 2012; Tunick, 2009) . Consequently, over the last 40 years the number of commercial and technological applications using whey proteins has increased considerably. Today, they are one of the major sources of commercial protein ingredients (used in confectionery, bakery and ice cream products, infant formulae, health foods, sports drinks and bars) (Wang, Zhong, & Hu, 2012) .
Whey proteins have typically a globular structure (rather susceptible to denaturation by heat), with high levels of secondary and tertiary structures, in which acidic/basic and hydrophobic/hydrophilic amino acids are distributed in a fairly balanced way along their polypeptide chains.
Whey proteins include β-lactoglobulin (β-Lg), α-lactalbumin (α-La), immunoglobulins (IG), serum albumin (BSA), proteose peptones (PP), lactoferrin (LF) and lactoperoxidase (LP), together with minor components. Their profile, including general chemical and physicochemical properties, is depicted in Table 1 .
With the advent of industrial ultrafiltration and chromatographic techniques, recovery and fractionation of whey proteins in their native forms have become possible. A wide variety of commercial finished whey products are currently available in the market, including whey protein concentrates (WPC) and isolates (WPI), individual and pure whey protein fractions (α-La and β-Lg, casein glycomacropeptide, BLF and LP) and protein hydrolysates. WPC has protein contents ranging from 35-80%(w/w), while WPI possesses a minimum protein content of 90%(w/w). WPC and WPI are widely used in formulated foods as gelling, surface active or water-binding agents. These whey protein ingredients have unique physicochemical and functional properties (i.e. ability to undergo conformational denaturation, electrostatic charges and amphiphilic nature) besides high nutritional benefits. Their capacity to form foams, emulsions, nano-emulsions, selfassembling structures, hydrogels and nanostructures for delivering bioactive compounds suggests that they may be suitable not only for novel food but also for non-food applications Gunasekaran, Ko, & Xiao, 2007; Hebrard et al., 2006; Livney, 2010; Ramos, Fernandes, Silva, Pintado, & Malcata, 2012) . Some of the most important types of constraints that govern unfolding and aggregation of β-Lg -that constitutes more than 50%(w/w) of the whey proteins, are review below; β-Lg is indeed the main responsible for gelation and emulsification properties of WPI and WPC. Characteristics of whey protein nano-coatings, molecular interactions and environmental factors that govern protein aggregation are also considered, in view of their being crucial steps for development of nano-coatings.
Whey protein based coatings and films
The concept of coating was derived from observations of the biological kingdom, where many examples of natural protection from mechanical damage and semi-permeable barriers to mass transfer can be ascertained in fruits and vegetables -e.g. cuticle, a natural coating consisting of a layer of cutin. However, modern agricultural practices often damage the integrity of this original coating. To overcome this issue, edible coatings have been formulated and applied to fresh food products to protect from dehydration and quality deterioration. Edible films differ from edible coatings as the former are preformed and freestanding sheets (Chen, 1995) .
Considerable interest exists in upgrading of whey protein fractions due to their industrial abundance as feedstock. One of the most promising approaches is the production of edible whey protein coatings and films, aimed at extending shelf life and improving quality changes of heterogeneous foods. This aptitude has been comprehensively reviewed over the last two decades (Chae & Heo, 1997; Fairley, Monahan, German, & Krochta, 1996; Gounga, Xu, & Wang, 2007; Krochta, 2002; Mchugh & Krochta, 1994) . Since edible coatings and films are both a packaging and food component, they are supposed to fulfill a few requirements: display good sensory qualities, high barrier and mechanical efficiencies, enough biochemical, physicochemical and microbial stability, low cost and simple technological requirementsbesides being devoid of toxics and safe for health (Debeaufort, Quezada-Gallo, & Voilley, 1998) .
Among other proteins, whey protein fractions offer a great potential for manufacture of edible coatings that can act as moderate barriers to moisture, lipids, oxygen, flavors/aromas, and carriers of food ingredients (e.g. antioxidants, antimicrobials, flavors and nutraceuticals), while improving mechanical integrity or handling characteristics (Krochta, 1992) . Coatings obtained from these proteins are generally flavorless, tasteless and flexible materials, and the films made thereof vary from transparent to translucent -depending on formulation, purity of protein source and composition (Chen, 1995; Ramos et al., 2013) . Whey protein coatings have been tested on several food products such as peanuts, salmon, fruits or cereals, and were able to offer good aroma, fat, humidity and oxygen barriers (Schmid et al., 2012) . The coatingforming substances are able to form a continuous structure by promoting intermolecular interactions among their components; this is crucial to allow the good performance of the coating (e.g. mechanical and barrier properties) once deposited on food surface (Debeaufort et al., 1998) . Films and coatings formed from whey proteins involve a complex series of phenomena encompassing dissociation, thermal denaturation and exposure of hydrophobic amino acid residues (Chae & Heo, 1997; Ramos et al., 2012) . These phenomena are influenced by experimental conditions such as protein concentration, pH, heating temperature and ionic strength. The impact of these conditions will be described in the following subsections. Another essential step to be taken into account in formation of whey protein coatings and films is the need to incorporate a minimum content of plasticizer in order to overcome its intrinsic brittleness. Plasticizers function by weakening intermolecular forces between adjacent polymer chains, thus increasing film extensibility and flexibility. However, use of these compounds may decrease elasticity, mechanical resistance and barrier properties of said whey coatings and films (Gounga et al., 2007; Ramos et al., 2013) . Polyols, such as glycerol and sorbitol, are the most commonly used plasticizers for manufacture of whey coatings and films.
Aggregation: the building blocks
The high potential for application of whey protein coatings and films in food products is highly dependent on understanding the aggregation behavior of these proteins; once this realization is crucial to control the size of the structures formed, and therefore the level of their functionalities. Protein aggregates serve as building blocks to develop food-grade nano-and micro-network structures. In the food industry, micron-size whey protein aggregates can be used to produce hydrogels with swelling behavior and flow properties, both of which are important for action as a texturizing agent or fat replacer. In turn, nano-size particle aggregates can improve stability of protein foams and emulsions (Guilmineau & Kulozik, 2006a , 2006b . Whey protein aggregation can be induced by several factors, e.g. addition of chemicals or electrolytes, change in net charge, increase in hydrostatic pressure, partial enzymatic hydrolysis and electrical fields -but mainly by temperature. Each of these processes induces partial (or total) unfolding of the native structure of proteins, thus resulting in protein aggregation and eventual gel formation. Without a heating step, protein networks will hardly form while remaining stable in water (Bodnár, Alting, & Verschueren, 2007; Pérez-Gago, Nadaud, & Krochta, 1999; Ramos et al., 2012) . Once whey proteins have been heated to a temperature leading to the onset of denaturation, they start to unfold (see Table 1 ) -and may form different types of aggregates (e.g. fibrillar or particulate aggregates), or remain as individual molecules by balancing attractive and repulsive interactions between them (Pérez- Gago et al., 1999) . The extent of aggregation is dependent on extrinsic factors arising from the environment and processing conditions. Aggregation is a prerequisite for formation of whey protein nano-coatings; when properly controlled and engineered, it often results in novel materials with interesting functionalities (Matalanis, Jones, & McClements, 2011; Zuniga, Tolkach, Kulozik, & Aguilera, 2010) .
Gelling typically includes linking of polymeric chains, leading to a progressively larger embranchment of molecules -yet polymers may be soluble, depending on network density, structure and conformation of starting material. The aggregation of polydisperse soluble ramified polymers is called 'sol'. Continuous crosslinking increases the size of the ramified polymer chains, thus decreasing their solubility. This continuous building process is called 'gelation', and ends up in polymer formation. Transition from aggregation to a continuous building process is called 'sol-gel transition' (or gelation) -and the critical point where gel first appears is called 'gel point' (Pethrick, 2004) .
Molecular interactions
Different kinds of energetic molecular interactions drive and stabilize conformation and assembly of proteins. These can be covalent or non-covalent, repulsive or attractive, and long-or short-range. Protein structures can be involved in several types of interactions, such as hydrophobic, van der Waals and hydrogen-bridges. These interactions are mainly reversible and weak, but if applying on a larger and cooperative scale, the overall interactions may turn to be strong. Interactions allow formation of disulfide bridges, leading to covalent stabilization of the resulting particle aggregates. Distinct molecular interactions between protein molecules have been reviewed elsewhere (Bryant & McClements, 1998; Pérez-Gago et al., 1999) , and are summarized in Table 2 .
Hydrogen bonds stabilize aggregates formed, but are not usually the major driving force determining conformation and aggregation of globular proteins (Croguennec, O'Kennedy, & Mehra, 2004) .
Conversely, intermolecular hydrophobic interactions are temperaturedependent and constitute the major force in controlling protein aggregation. One of the characteristic features of hydrophobic interactions is their tendency to increase in strength as temperature is raised (de Wit, 1990) . Globular proteins, such as β-Lg, are stabilized by electrostatic repulsions. These interactions depend on sign, magnitude and distribution of charge on a protein molecule, which are governed by the pH and ionic strength of surrounding aqueous solution. Electrostatic repulsion between proteins may be modified by adding electrolytes or adjusting pH to the isoelectric point (pI) (Kinsella & Whitehead, 1989): at their pI, proteins possess no net charge (Table 1) ; above or below they are negatively and positively charged, respectively. The magnitude and range of these interactions can be reduced considerably in the presence of electrolytes due to electrostatic suppression (i.e. interactions between charges are reduced in strength) induced by counter-ions (Kitabatake, Wada, & Fujita, 2001) . Electrostatic interactions between charged protein molecules increase in strength with increasing temperature due to their entropic basis (Pérez-Gago et al., 1999) . Disulfide bonds result from rearrangement of the β-Lg tertiary structure. When β-Lg starts to unfold due to denaturation, Cys121 (a free sulfhydryl (SH) group buried in the native structure of β-Lg) is the first to become exposed to aqueous phase (initiation step) and therefore the first being able to react through SH/disulfide interchange reactions with existing disulfide bonds (Cys66-Cys160 and Cys106-Cys119) that are present in β-Lg. These intermolecular disulfide bridges give rise to a propagation reaction that results in the aggregation process (Croguennec, Bouhallab, Molle, O'Kennedy, & Mehra, 2003) .
Interactions during hydration may prevent aggregation of protein molecules since stronger repulsion and longer interaction range are promoted when hydration level is high.
Steric interactions are intrinsically related to possible conformations of proteins in solution: in this regard, molecules cannot adopt any spatial arrangements in which two or more segments occupy the same space. There is an extremely strong repulsive interaction between atoms or molecules at close separations, because of the overlap of their electron clouds. This determines how closely they can pack together -and also defines the size and shape of aggregates of atoms and molecules (Pérez-Gago et al., 1999) .
Van der Waals interactions appear to present similar magnitudes irrespective of protein conformation state (folded or unfolded), thus playing a minor role in aggregation mechanisms. However, if the protein molecule is large enough to act as a colloidal particle, then aggregation with other biopolymer molecules is likely to happen due to a strong van der Waals attraction (Bryant & McClements, 1998) . Temperature (when increased) may promote several additional destabilizing effects upon the thermodynamic stability of proteins. These effects include reduction of activation energy, increased protein diffusion and frequency of molecular collisions -besides enhancement of hydrophobic interactions, which are necessary steps for the occurrence of physical protein aggregation. Consequently, high temperature is a common parameter selected to accelerate protein aggregation (Bryant & McClements, 1998) . Under physiological conditions, β-Lg exists as a non-covalently linked dimer stabilized by hydrogen bonds; each monomer of this globular protein has one free SH group that is normally hidden in the hydrophobic interior of the protein. The tertiary structure of β-Lg is strongly stabilized by two disulfide bonds (Cys66-Cys160 and Cys106-Cys119), which seem to play an important role in denaturation (Croguennec et al., 2003; de Wit, 1998; Kitabatake et al., 2001 ). Denaturation of β-Lg is generally assumed to be a multistage process consisting of (at least) two steps: 1) unfolding of native protein; and 2) irreversible aggregation of unfolded protein. The initiation step of heat-induced denaturation of β-Lg at neutral pH involves reversible dissociation of β-Lg native dimers to native monomers at a temperature above 40°C. Close to 60°C, the native monomers undergo intramolecular transition into a so-called R-state that differs from the native state only by minor conformational changes of some side chains. When temperature of the protein solution increases above 60°C, β-Lg undergoes conformational changes and partially unfolds, thus exposing hydrophobic amino acids and thereby increasing the hydrophobic attraction between them.
The major forces that control protein aggregation are intermolecular hydrophobic interactions that are temperature-dependent (de Wit, 1990; Mulvihill & Donovan, 1987) . Under almost neutral conditions, aggregation is irreversibly induced by heat through a three-step process (Bodnár et al., 2007) : (1) initiation, (2) propagation, and (3) termination. During initiation, the free SH groups that are normally buried at the interface between native monomers, become exposed to further reaction (Zuniga et al., 2010) . At this point, reshuffling of intramolecular disulfide bonds may be responsible for formation of irreversible nonnative monomers with free SH at position Cys119 (Croguennec et al., 2003; Croguennec et al., 2004) . Following initiation of aggregation by hydrophobic forces, the propagation step corresponds to buildup of aggregates through inter-and intramolecular disulfide bonding -via SHdisulfide interchange or oxidation reactions. Disulfide bonding is known to play an important role in strengthening of aggregates (Pérez-Gago et al., 1999) . The reactive SH group of non-native monomers reacts via a SH/disulfide bond exchange reaction with one of the two intramolecular disulfide bonds of a non-denatured monomer to form a dimer; an intermolecular disulfide bond is then formed and a new reactive free SH group is now available on the originally non-denatured molecule. In turn, the reactive dimer can react similarly with a non-denatured monomer, and this propagation step can be repeated several times, thus increasing the size of the polymer chain. These aggregates apparently assume a linear organization due conformation of β-Lg and conformational changes occurring during propagation -only one of the two intra-molecular disulfide bonds and only one SH group/monomer are supposed to be reactive (Bodnár et al., 2007) . Finally, aggregation stops (termination step) when two active intermediates (i.e. multimers) react to form aggregates without an exposed, reactive SH group. Formation of intermolecular disulfide bonds by SH-disulfide interchange is considered one of the major mechanisms of protein aggregation, and it is apparently governed by formation of β-Lg oligomers that combine into aggregates (Mulvihill & Donovan, 1987) . However, the mechanism by which unfolding and protein aggregation take place is complex, and may be influenced by many factors. In addition to SH/ disulfide bond exchange reactions enabled by reactive free SH groups, different types of molecular non-covalent interactions (e.g. hydrophobic/electrostatic of non-native molecules) of β-Lg molecules take place irreversibly and form larger aggregates -the building blocks of whey protein nanostructures. Recently, it was shown that together with other factors such as pH, ionic strength or protein concentration, the type of heating method (direct or indirect) used for whey protein denaturation should not be underestimated, once it influences the viscoelastic dynamic behavior of whey protein isolate gels obtained therefrom (Rodrigues et al., in press) . This work has shown that slight differences on the patterns of thermal denaturation/aggregation at nano-scale have great impact on the physical properties of protein network structures.
pH and ionic strength
The occurrence and extent of protein aggregation can be controlled by the processing conditions, such as time versus temperature treatment applied (as it affects the level of denaturation imposed). However, a variety of other environmental factors besides temperature can significantly impact the aggregation behavior of proteins. These include chemical environment of aqueous solution (protein concentration, pH and ionic strength), addition of salts (cold gelation) and even influence of external electrical stimuli (Debeaufort et al., 1998; Pereira, Souza, Cerqueira, Teixeira, & Vicente, 2010) . Among these, pH dictates the type and distribution of surface charges on proteins, affecting both intramolecular folding and intermolecular protein-protein interactions. Therefore, pH along with sequence hydrophobicity and propensity to form secondary structures are key parameters in determining the rate of protein aggregation (Bryant & McClements, 1998) .
Ionic strength is another key condition intrinsically related to pH, which largely affects protein aggregation. Both positive and negative ions may bind or interact electrostatically with proteins that will change interactions between charges, or even induce different conformational states. This may generate different aggregation behaviors and morphologies of protein aggregates. The salt type to adjust ionic strength is another condition not to be neglected. Divalent cations, such as calcium and magnesium, can induce aggregation in three different ways: (1) electrostatic shielding; (2) ion/hydrophobic interactions; and (3) crosslinking with negatively charged carboxylic groups of neighboring whey protein molecules, via protein-cation-protein bridges. On the other hand, monovalent cations affect aggregation mainly by reducing repulsions between negatively charged molecules, thus allowing molecules to come closer to each other. This promotes formation of noncovalent associations and covalent disulfide bonds between protein molecules (Mulvihill & Donovan, 1987) . In this sense, solutions with identical ionic strength but different salt types can undergo distinct aggregation behaviors. Moreover, divalent ions need lower concentrations to promote aggregation than monovalent ones, because they have higher effectiveness at suppressing electrostatic interactions and ability to form salt bridges.
The balance between pH and ionic strength on β-Lg solutions has been widely investigated for production of different types of β-Lg hydrogels -transparent or turbid gel. The so-called fine-stranded gel is composed of finely stranded nanometer-thick networks, exhibiting transparent or translucent appearance and rubbery texture. It is formed under conditions where intermolecular electrostatic repulsion is dominant, known to occur at low ionic strength and pH values are far from pI (pI ≈ 5.2). Intermolecular repulsion can be decreased by shifting pH toward the pI or by increasing ionic strength. At these conditions, aggregation is accelerated by heat, and leads to formation of a turbid or white opaque gel composed of micrometer-sized particulate random aggregates (Chen, 1995; Gounga et al., 2007; Ko & Gunasekaran, 2009 ).
Protein concentration
The effect of protein concentration upon protein aggregation has been extensively discussed (Bryant & McClements, 1998) . Regarding whey proteins, increasing protein concentration often results in:
(1) increased aggregation due to increased chance of protein-protein interactions; and (2) precipitation due to solubility limit. When a salt is added to a heat-denatured protein solution, the concentration of protein has a major influence on the rheological properties of the solution; at low protein concentration, the heat-denatured protein will tend to form a viscous solution, but above the critical protein concentration a gel is obtained -cold gelation (Pérez-Gago et al., 1999 ).
Electric fields: a new approach
Several technologies using moderate electrical fields (MEF) are currently being applied on food, on a commercial scale, for thermal processing of a wide range of products. During MEF treatment, electric energy passes through food that behaves as a resistance in an electrical circuit; hence, the heating occurs in the form of internal energy transformation (from electric to thermal) within the material (Sastry & Barach, 2000) . MEF technology, also known as ohmic heating (Machado, Pereira, Martins, Teixeira, & Vicente, 2010) can be distinguished from other electrical heating methods by: a) presence of electrodes contacting the food; b) range of frequency applied (ca. 50-25,000 Hz); and c) unrestricted, and typically sinusoidal waveform. MEF treatments provide uniform and extremely rapid heating rates of liquids that enable the application of higher temperatures without inducing coagulation or excessive denaturation of proteins (Parrott, 1992) . Aseptic processing of fluids of high viscosity and fluids containing particulates has been promising applications of MEF in the food industry (Palaniappan & Sastry, 2002) . However, during the last decade, some authors (Perez & Pilosof, 2004 ) can modify the structure/function of whey proteins -in order to achieve specific and/or desired functional properties in a manner similar to use of controlled heat treatments. MEF is a process characterized by a relatively low electric field (arbitrarily restricted to between 1 and 1000 V·cm − 1 ) as compared to PEFused to control permeabilization and other non-thermal effects (Machado et al., 2010) . Application of MEF has, in particular, been sought by researchers in the production of protein-based structured systems, e.g. edible films, coatings and hydrogels. Recently, it has been reported that the presence of MEF has statistically significant effects on chitosan coating physical properties and structure, with consequences on film transport properties (Souza et al., 2009 . A heating method based on application of MEF has also been used as a device for protein-lipid coating formation. The use of MEF produced less heat damage to coating forming solution, prevented overcooking and reduced structural disruption -while improving yield, rehydration capacity and film formation rate (Lei, Zhi, Xiujin, Takasuke, & Zaigui, 2007) . Given the complex biochemical structure of whey proteins, the influence of MEF on their mechanisms of unfolding (denaturation) and aggregation has been recently assessed through a kinetic and thermodynamic approach (Pereira, Teixeira, & Vicente, 2011) . This work demonstrates that MEF processing offers the potential to reduce whey protein denaturation at relatively high temperatures when combined with a fast come-up-time (CUT), which is the time needed to reach a desired temperature. In respect to this, Table 3 shows values of k (rate constant), n (reaction order), D and t 1/2 (time required for 90 and 50% protein denaturation, respectively) obtained from kinetic analysis of the denaturation process of WPI. In general, authors have observed that MEF treatments presented lower values of n and k (p b 0.05), being this difference more pronounced when MEF treatment at temperatures ranging at 90°C is combined with a CUT of 5 s at the beginning of the heating cycle. As expected, D and t 1/2 values decreased with the increase of heating temperature. However at 90°C under the influence of MEF, treatments with CUTs of 37 and 5 s presented higher D values (p b 0.05) than the ones obtained with conventional heating (0 V/ cm). With regard to t 1/2 , at temperatures of 75°C all treatments presented nearly the same value (p N 0.05), whereas at temperatures ranging from 80 to 90°C, significant differences were noted (p b 0.05) among the treatments (Pereira et al., 2011) . The authors concluded that with application of MEF, denaturation reactions seem to be less dependent on temperature increase, thus improving the thermodynamic stability of whey proteins. In this sense, MEF technology may play a major role on the interfacial, aggregation and gelation properties of whey proteins, since they are intrinsically related to protein denaturation and protein-protein interactions. Application of MEF for production of WPI nano-coatings and films has been studied by Pereira et al. (2010) . Table 4 summarizes the main results of this study regarding the characterization of WPI solutions before and after heating treatments -in terms of average hydrodynamic diameter of particles (Z), polydispersity index (PDI) and presence of free reactive sulfhydryl groups (SH). When WPI solutions were heated (85°C, up to 30 min), the Z of the whey protein aggregates was found to increase considerably when the conventional treatment (without MEF, 0 V/cm) and MEF treatment at 10 V/cm were applied, when compared with the unheated samples. However, MEF at 10 V/ cm produced smaller changes (p b 0.05) in whey protein aggregates' size when compared with conventional heating (0 V/cm). Overall, the whey protein aggregates' diameter increased by about 57 and 67 nm during MEF and conventional heating, respectively. The PDI reached an identical plateau (p N 0.05) of ca. 0.27 in both heating treatments. Regarding the presence of SH groups, it was observed that residual quantities were present in unheated WPI solutions (0.6 μmol of SH per gram of WPI). However, at the end of heating treatments, concentrations of SH in WPI solution were about 10 times higher than those observed in unheated WPI solutions. Results also show that samples treated by conventional heating (no MEF applied) had 26% more micromoles of SH per gram of WPI than samples treated at 10 V/cm (p b 0.05). The authors concluded that despite MEF treatments promoting the unmasking of SH groups in whey proteins upon extended heat treatment, the conformational disturbances, molecular interactions and associations of denatured proteins upon application of an external electrical field need to be further studied and verified . In agreement with this study, at neutral pH conditions and low protein concentrations, MEF determined a lower increase of whey protein aggregate size and reactive free SH than conventional heating. MEF coating-forming solutions were used to produce edible films through incorporation of a minimum content of plasticizer. WPI films produced by MEF presented specific physical and structural properties, e.g. lower thickness and less permeability to water vapor, higher availability of hydrophilic groups, and nearly the same mechanical properties of conventional films after drying . These results can be explained by different patterns of denaturation, interaction and aggregation of whey proteins. Among other factors, reorientation of hydrophobic clusters in the protein structure during heating may have promoted a higher availability of hydrophilic groups. Moreover, aggregation and consequently viscosity of cast solutions may have played an important role in establishing the thickness of MEF coatings. All these changes can be correlated with conformational changes found in protein secondary structures of the film network. Fourier self-deconvolution and curve-fitting of FTIR (Fourier transform infra-red) absorbance spectra, taken in the range of the amide I region and corresponding to MEF treatment of 10 V/cm and conventional heating (0 V/cm), are depicted in Fig. 2 . Deconvolution results of the amide I region showed that MEF coatings have higher contents of β-sheet structure than conventional ones .
Therefore, MEF influences the unfolding and aggregation mechanisms of whey proteins during heating, thus changing distribution of secondary protein structures. This behavior can be related to conformational disturbances on tertiary protein structure due to rearrangement of hydrogen bonds, hydrophobic interactions and ionic bonds. Further, non-covalent interactions may also be impaired by reorientation of hydrophobic clusters in protein structure during MEF application, thus affecting physical aggregation. MEF treatment may also affect ionic movement in the medium, and modify molecular environment due to increased number of ions and their different distributions around protein molecules.
Alternatively, the combined effects of MEF and sinusoidal electrical frequency may promote splitting of large aggregates induced by thermal processing, thus enhancing formation of small protein particles. Because of the opposite effects of these treatments (thermal and electric), it appears possible to control the size of whey protein structures by simultaneously manipulating the temperature and intensity of electric field applied. However, more experimental data are needed to fully address the role of MEF on protein electrostatics and protein-protein interactions.
Recently it was shown by Rodrigues et al. that application of MEF during heating treatment may offer a great potential to the Table 3 Kinetic parameters of denaturation of whey protein isolate solutions subjected to conventional (0 V/cm) and MEF (4 to 8 V/cm) heating treatments, using different CUTs (come-up-times). Means within the same column, labeled with the same letter, are not statistically different from each other (p N 0.05). Table 4 Characterization of whey protein isolate (WPI) solutions before and after heating treatments; in terms of average hydrodynamic diameter of particles (Z), polydispersity index (PDI) and presence of free reactive sulfhydryl groups (SH).
WPI aggregates
Reactive-SH (μmol SH·g development of GRAS whey protein network structures with diverse mechanical and microstructural features and hence improved textural properties. Heating combined with application of MEF may bring implications on the quality, and functional and technological properties of whey-derived products (Rodrigues et al., in press) . MEF may open a new perspective for manufacture of protein nano-coatings with tailored functional and technological properties. A more complete study should thus be developed to better understand how electric fields interact at a molecular level with individual whey proteins, thus clarifying the events occurring during unfolding and aggregation. The effects of MEF processing on the structural properties and functionality of β-Lg are indeed a challenge that remains to be addressed.
Nano-coating applications
Food packaging is one of the main focus of polymer nanotechnology and thus one of the major applications of nano-coatings once it is believed that this technology can implement and improve all the principal functions of existing packaging (Silvestre, Duraccio, & Cimmino, 2011) . Depending on the type of food, packaging materials need to fulfill different requirements in terms of light, moisture, water vapor and gas (i.e. oxygen and carbon dioxide) barriers in order to avoid color or taste deterioration, loss of nutritional value and eventually growth of potential pathogens (Fabra, López-Rubio, & Lagaron, 2014) .
Whey is one of the most promising biopolymers in the field of packaging. Currently, the best potential applications of whey protein-based edible films lie in protective coatings for foods. When applied upon surfaces of food as a coating, these films can provide protection from chemical or microbial degradation, thus lengthening product shelf life and maintaining high product quality (Dangaran, Tomasula, & Qi, 2009 ). Further, edible films and coatings manufactured from whey proteins have shown better mechanical and barrier properties than competitive protein-based (e.g. corn zein, wheat gluten and soy protein isolate) or polysaccharide-based (e.g. starch, cellulose, carrageenan and pectin) films (Ramos et al., 2012) .
Whey protein coatings were already applied in several food products such as peanuts, frozen salmon, fruits, or cereals, aiming at providing good aroma, fat, moisture and gas oxygen barriers. They also have potential to improve the appearance of food products by adding gloss. Several examples of whey protein-based coating applications are described (Khwaldia, Perez, Banon, Desobry, & Hardy, 2004; Kilara & Vaghela, 2004; Schmid et al., 2012) .
However, the properties of whey protein coatings at macro-scale can be quite different from those prevailing at nano-scale. The use of nanocoatings is expected to improve mechanical and barrier properties when incorporated in edible food packaging, as well as to provide new functionalities -therefore strengthening the basis for innovative applications in the food industry (Chaudhry et al., 2010; ) -as described below, and summarized in Fig. 3 .
Since one of the main functions of food packaging is to avoid or decrease water loss, water vapor permeability (WVP) should be as low as possible (Gontard, Guilbert, & Cuq, 1992) . Several factors have been shown to influence WVP, including coating composition, coating thickness and the technique used for coating application (Bifani et al., 2007) . Therefore, the application of nano-coatings can be of great usefulness for food packaging once their significantly reduced thickness may improve barrier properties while exchanging their resistance, flexibility and tension, as well as the food appearance. The amount of information available regarding the applications of nano-coatings made only from whey proteins is rather limited, therefore several examples are provided regarding coatings made also from other materials (e.g. polysaccharides and complex formed by proteins and polysaccharides).
For instance, Pinheiro et al. produced nano-coatings using two polysaccharides (i.e. κ-carrageenan and chitosan), by a layer-by-layer (LbL) self-assembly technique. These nanolayered coatings exhibited lower WVP and oxygen permeability (O 2 P) values when compared with those obtained for conventional edible films composed of chitosan (Fajardo et al., 2010) and of ι-carrageenan (Hambleton, Debeaufort, Beney, Karbowiak, & Voilley, 2008 ) -see Table 5 . Also, the κ-carrageenan/chitosan nanolayered coating showed a WVP value which was very similar to that obtained for an alginate/chitosan (Carneiro-da-Cunha et al., 2010) and κ-carrageenan/lysozyme ) nanolayered coating (see Table 5 ).
The excess of water at the surface of food products or high water activity products promotes bacterial and mold growth, whereas excess of oxygen may cause oxidation, which may lead to several food alterations such as odor, color, flavor and nutrient deterioration (Sothornvit & Pitak, 2007) . Therefore, increasing water vapor and oxygen barriers by the application of nanolayered coatings may contribute to maintain or improve the overall quality and the shelf life of foods (Sothornvit & Pitak, 2007) .
Moreover, nano-coating materials may provide other active functionalities such as antimicrobial activity. An antimicrobial multilayer coating made from hen egg white lysozyme as base material was developed to provide antimicrobial activity, inhibiting the growth of a model microorganism (Micrococcus luteus) in the surrounding medium (Rudra, Dave, & Haynie, 2006) .
The potential applications of antimicrobial nano-coatings made from whey proteins and peptides have been reported in several works, using different foods. For instance, a nano-laminate coating made from κ-carrageenan and lysozyme was applied on 'Rocha' (Pyrus communis L.) fresh-cut and whole pears and another similar structure produced from alginate and lysozyme was applied on 'Coalho' cheese (Medeiros et al., 2014) ; their results showed that nano-coatings assembled on both types of surfaces (fruit and 'Coalho' cheese) had a positive effect on the overall quality of those foods and contributed to extend their shelf life.
Food preservation is a nuclear concept for the food industry and so the antimicrobial properties exhibited by these nanostructures are extremely important, and may be used to enhance considerably the shelf life of other perishable food products such as processed meats, cheese, confectionery, and fresh fruits and vegetables (Moraru et al., 2003 ) -see Fig. 3 .
Whey protein nano-coatings can also act as sensors mainly intended to monitor the condition of packaged food or the environment surrounding the food. This technology can provide real-time status of food freshness by using a visible indicator (i.e. thousands of nanocoatings may be designed to fluoresce in different colors upon contact with food pathogens, chemical contaminants, or toxins in response to changes in environmental conditions e.g. pH, temperature and moisture), thus informing the supplier or the consumer that foodstuffs are still fresh, or whether the packaging has been breached, kept at the appropriate temperatures throughout the supply chain, or has spoiledsee Fig. 3 (Garcia et al., 2010) . Taking into account the crucial importance of time in food microbiology, the main aim of these nanostructures is to reduce time for pathogen detection from day-level to hour or even minute-level. Nano-coatings could be placed directly into the food products, and be used to detect chemicals released during food spoilage (or even pathogens) in real time -see Fig. 3 (Garcia et al., 2010) . Other potential functionalities of whey protein nano-coatings include acting as delivery vectors of functional (e.g. plasticizers, emulsifiers and oils) and bioactive (e.g. antimicrobials, antioxidants, vitamins, probiotics and bioactive peptides) compounds (previously incorporated into the packaging material), thus enhancing safety, or even nutritional and sensory attributes of food (Letchford & Burt, 2007; Taylor, Davidson, Bruce, & Weiss, 2005 ) -as highlighted in Fig. 4 .
The reduced size of nano-coatings coupled with the intrinsic properties of whey protein including biological (e.g. digestibility, amino acid pattern, high biological value and sensory characteristics), functional (e.g. emulsification, gelation and foaming) and structural (an interior network for the incorporation of active compounds and an extraordinary binding capacity to those compounds through electrostatic, van-der Waals and/or hydrophobic interactions between the agent and the protein matrix), leads to the formation of stable nanostructures, in which such compounds become entrapped Huang et al., 2004; Sahiner et al., 2007) .
Whey protein nano-coatings are also able to produce a predetermined response (e.g. changing their permeability to entrapped compounds or even disintegrate) to the alteration of certain environmental stimuli -e.g. temperature, pH, electric fields, ionic strength or enzymatic conditions, at a desired point and time (Filipcsei, Csetneki, Szilágyi, & Zrínyi, 2007; Liu & Urban, 2010; Shiga, 1997; Zhao et al., 2009 ). These stimuli-sensitive nano-coatings are of great interest since their behavior can be easily and rapidly changed by external environmental conditions, e.g. allowing a controlled and specified release of entrapped compounds in specific sites of action. This permits e.g. maintaining sufficient (but not excessive) concentrations of a given compound for long periods of time, thus avoiding premature degradation and undesirable chemical reactions, as well as increasing solubility and bioavailability (especially for those compounds with poor solubility in aqueous matrices or with poor absorption rates, such as carotenoids, phytosterols, ω-3 fatty acids, natural antioxidants, flavors and colors) Said, Abd Alla, & El-Naggar, 2004; Schuetz, Gurny, & Jordan, 2008) .
Zimet and Livney developed a stable nano-coating made from a complex of protein-polysaccharide (i.e. β-Lg-pectin) for encapsulation and delivery of hydrophobic nutraceuticals such as ω-3 fatty acids (DHA). These authors observed that this nanosystem entrapped efficiently DHA molecules producing a stable system able to protect DHA against oxidation, thus imparting health-improving properties to beverages and food products during storage (Zimet & Livney, 2009) . Also, Somchue used β-Lg and hen egg white protein as a base matrix system for encapsulation of α-tocopherol. In order to protect and avoid the release of α-tocopherol in harsh gastric conditions, alginate was used as external coating for these encapsulated nanostructures. Those authors observed that it was possible to protect and maintain the stability of this bioactive compound using a protein based-material (Somchue, Sermsri, Shiowatana, & Siripinyanond, 2009 ). Bengoechea prepared nano-coatings from bovine LF capable to resist subsequent pH (from 3 to 11) and salt (from 0 to 200 mM NaCl) alterations, being useful as carrier systems or functional ingredients in food products (Bengoechea, Jones, Guerrero, & McClements, 2011) . Li designed the encapsulation of epigallocatechin-3-gallate (EGCG), a potent antioxidant obtained from green tea, in nano-coatings of β-Lg. A stable and clear nanosystem was observed and the highest protection of EGCG antioxidant activity was obtained with β-Lg heated at 85°C and at the molar ratio of 1:2 (β-Lg:EGCG) (Li, Du, Jin, & Du, 2012) . Additionally whey protein nano-coatings can also reduce the gastrointestinal (GI) mucosa irritation caused by continuous contact with some active compounds. This happens due to the specified delivery to the associated tissues and controlled release properties coupled with the bio-adhesive features, and assures stability of such compounds in the GI tract while increasing their bioavailability in the mucus of the intestinal epithelium (Kopeček, 2003; Lin & Metters, 2006; Oh, Lee, & Park, 2009; Tokarev & Minko, 2009; Vermonden, Censi, & Hennink, 2012) .
Arbós et al. designed nano-coatings made from BSA as base material and verified that those nanostructures present bioadhesive properties allowing specific interaction with target sites in the organism and consequently a more efficient release of active compounds than other carrier systems (Arbós, Arangoa, Campanero, & Irache, 2002) .
Modulation of surface properties, coupled with theses bioadhesive features is another important intrinsic capability of whey protein nano-coatings that permit specific targeted delivery of bioactive compounds, or increase their bioavailability in the mucus of the intestinal epithelium (Bouwmeester et al., 2009; Medina, Santos-Martinez, Radomski, Corrigan, & Radomski, 2007) .
Conclusion
Nanotechnology has become increasingly important in the food sector. Production of edible food-grade nanostructures remains a major challenge, but promising results and applications have already being shown in food packaging, food delivery systems and food safety.
Development of nanostructured systems made from whey proteins is particularly interesting because such a feedstock is not only a valuable by-product largely available from the cheese industry and thus relative inexpensive, but also owing to its classification as GRAS, high nutritional value and several unique functional properties. The capacity of whey proteins to form gel is especially important for development of nanocoatings. Production of whey-based edible coatings is affected by amino acid composition, distribution and polarity of proteins, and environmental conditions affecting molecular interactions between them (e.g. ionic crosslinking between amino and carboxyl groups, presence of hydrogen bonding, and intramolecular and disulfide bonds).
Crosslinking induced by thermal denaturation is an essential step in formation of whey protein-based coatings. However, unfavorable environmental conditions (e.g. extreme pH, or low protein or salt concentration) may impair the initiation steps of protein aggregation. Moreover, emergent processing methods, such as MEF, may be applied in order to change the functional properties of protein matrices. Convenient methods to manipulate interactions between protein molecules and, therefore, to control the size of nanostructures formed and their functional properties are in order.
The incorporation of nano-coatings into food packaging may improve their mechanical and barrier properties, and should thereby help reduce the use of valuable raw materials -a generation of waste. Several changes can be induced in the whey protein matrix, thus allowing complexes with other biopolymers to be formed as a basis for several nanostructures. The development of nano-coatings for delivery of bioactive compounds (via binding those agents through either primary amino groups or ionic/hydrophobic forces) and for acting as sensors of microorganisms and contaminants toward detection is also an important area that has receiving increasing attention by the food industry.
